Colorimetric analysis of heavy metal ions can be realized by the aid of Ag nanoparticles to improve the analytical characteristics. The method is based on the localized surface plasmon resonance (LSPR) properties of the Ag nanoparticles (AgNPs). In this work, we applied the AgNPs with the addition of dithizone to further improve the selectivity and sensitivity of Pb 2+ analysis. Colorimetric sensing of Pb 2+ ions based on the polyvinyl alcohol (PVA)-stabilized-colloidal AgNPs in the presence of dithizone is reported. A linear decrease in the AgNPs LSPR absorbance at 421 nm was observed along with the increase in the Pb 2+ concentration in the range of 0.50-10 µg/L. The other ions give a minor change in the LSPR absorbance of colloidal AgNPs. The Pb 2+ limit of detection, the limit of quantification, and sensitivity were found to be 0.64 ± 0.04 µg/L, 2.1 ± 0.15 µg/L, 0.0282 ± 0.0040 L/µg (n = 5), respectively. The obtained sensitivity is comparable with that of the immunosensing method. The proposed method could offer a good alternative for colorimetric analysis of Pb 2+ ions by using nanoparticles in the presence of ligands, which can improve selectivity. ) method is 0.10 µg/L [7] . Meanwhile, the UV-Vis spectrophotometry offers a limit of detection in the range of a few mg/L. Nanoparticles like Au, Ag, and Cu have been extensively used in colorimetric detection owing to their superior optical property known as LSPR. LSPR is the phenomenon where the collective oscillation of free electrons in the conduction band occurs due to resonance with incident light in the visible region. Silver nanoparticles (AgNPs) are also studied mainly for a wide array of antibacterial [8] and colorimetric sensing applications [9] . AgNPs have unique and size-dependent optical and electronic properties. In the colorimetric sensing application, starch-stabilized colloidal AgNPs show a linear decrease in the LSPR with the increase in the concentration of hydrogen peroxide [10] . Many reports also show that gold nanoparticles (AuNPs) are essential for LSPR-based sensing of Hg 2+ in aqueous media in the presence of quaternary ammonium salt. The Hg 2+ limit of detection is about 30 nM [11] . Glutathione conjugated gold nanoparticle-based colorimetric assay can also be used for selective detection of Pb 2+ from plastic toys, paints, and water samples [12] . The N-acetyl-L-cysteine-stabilized silver nanoparticles have also been used for Fe 3+ detection [13] . Starch-stabilized AgNPs were used for a colorimetric method for the detection of Hg 2+ [14] . Pyridyl-appended calix[4]arene has been employed to modify AgNPs that show high selectivity for sensing of Fe 3+ [15] .
Introduction
Colorimetric sensing based on the nanoparticles' localized surface plasmon resonance (LSPR) for rapid detection of the analytes with high sensitivity and selectivity have been progressing well with the aid of the development of nanoscience and nanotechnology. A complete review on the LSPR spectroscopy of metallic nanoparticles for chemical and biological sensing is available [1] . The inert metallic nanoparticles have been widely studied for an improved sensitive and selective response towards various analytes, especially for heavy metal ions and organic compounds. Heavy metals such as lead, mercury, chromium, and cadmium [2] are of interest to researchers due to their negative impact on the environment.
Among toxic heavy metals in the environment, lead (Pb) is the most abundant in the atmosphere [3] . It is also among the top five heavy metals present in water [4] , which are Hg, Pb, As, Cr, and Cd. Car batteries still employ lead for both anodes and cathodes and lead has been used for many decades in paint production. In some countries, lead smelters are still in use for recycling lead metal electrodes [5] . Therefore, lead concentration in soil and water in some regions keeps increasing along with the increase in car battery reprocessing and paint degradation. Lead is one of the toxic metals, and its presence in the environment always poses a threat to aquatic lives. For a human being, the high level of Pb 2+ in the blood can cause severe health problems, especially for children. In a certain area, the Pb 2+ content in children's blood serum is alarmingly high [6] , and is exceeding the safe limit of 1.00 µg/L. Therefore, sensitive detection of Pb 2+ in environmental and biological samples is essential. The limit of detection of Pb 2+ analysis by UV-Vis spectrophotometry is still worse than that of atomic absorption
Preparation and Characterization of Ag Nanoparticles
AgNPs were prepared in 0.25% polyvinyl alcohol (PVA) solution. The PVA solution was prepared by dissolving 0.25 g of its powder in the doubly distilled water and was diluted to mark using a 100 mL volumetric flask. The Ag + initial concentration was set at 1.0 × 10 −2 M. The ascorbic acid concentration was predetermined at 5.0 × 10 −3 M. A 100 mL solution containing 0.25% PVA, 1.0 × 10 −2 M Ag + , and 5.0 × 10 −3 M ascorbic acid was stirred using a hot plate magnetic stirrer while being heated. The solution pH was maintained at 8 by adding a few drops of 0.10 M NaOH solution. The temperature was kept at 80-90 • C. The process took about 1 h. When the solution color changed from colorless to yellow, the heating and stirring were terminated. The colloidal AgNPs in 0.25% PVA solution had a yellow color. The LSPR absorbance was measured using a UV-Vis spectrophotometer. The colloid was stable up to 2 months as indicated by a small decrease in the LSPR absorbance. The produced colloidal AgNPs were diluted with double distilled water to prepare the required concentrations. The microscopic image of the colloidal AgNPs was recorded by using TEM with an accelerating voltage of 120 kV. For XRD measurement, the colloidal AgNPs were first separated by a centrifuge with the spinning rate of 17,000 rpm and air-dried before measurement.
LSPR Absorbance Measurement of Colloidal AgNPs in the Presence of Pb 2+ Ions
A series of Pb(II)-dithizone solutions with different Pb 2+ concentrations were prepared in 25 mL volumetric flasks. The dithizone solution was prepared according to the procedure in the literature [20] . The dithizone concentration was adjusted so that the Pb 2+ to dithizone final molar ratio was approximately 1:2. Please note that a Pb 2+ to dithizone molar ratio of 1:3 is also possible, meaning that the concentration of dithizone should be twice or more of the Pb 2+ concentration. Colloidal AgNPs were added to each solution to make a final Ag concentration of 5.2 mg/L. Each mixture was stirred and allowed to settle for 15 min before recording its LSPR spectrum. The solution pH was controlled by using NaOH or HNO 3 solution to be about 6-7.
The calibration curve was prepared using Pb 2+ final concentrations of 0.50, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 µg/L. Samples with different alkali, alkali earth and transition metal ions were prepared in the same way. The colloid color change was instant, and photographs were taken using a digital camera. A controlled experiment was done without the addition of dithizone.
In another experiment, a series of separate solutions containing other ions that are Li + , Na + , K + , Mg 2+ , Ca 2+ , Sr 2+ , Ba 2+ , Ti 4+ , Cr 3+ , Mn 2+ , Fe 3+ , Co 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Cd 2+ , Hg 2+ , Al 3+ , Sn 4+ , and As 3+ with a concentration of 250 µg/L were prepared. The colloidal AgNPs were added to the solution to make up an Ag concentration of 5.2 mg/L. The dithizone solution was also added to the solution to obtain a final concentration of 1.0 mM. The LSPR spectrum for each solution was recorded in the range of 300-700 nm. The experiment was repeated five times (n = 5).
Results
The color of the synthesized AgNPs colloid in aqueous PVA solution is yellow. The colloid has an LSPR spectrum with peak absorbance observed at 421 nm. It has been known that the color of AgNPs depends on the size and the shape of the particle. Earlier reports indicated that the colloid of AgNPs with the particle size of 35-50 nm had peak absorbance around 420-438 nm and yellow color. AgNPs with the diameter of 1-10 nm and a spherical shape will have an LSPR peak absorbance at low wavelengths. Also, the AgNPs obtained in starch had an LSPR peak absorbance of 408 nm and a size of about 14 nm [10] . Small AgNPs were obtained when the colloid was stabilized by secondary amines [21] . The shape and size of AgNPs can be controlled by the solvent, capping, and reducing agents. Reduction of hydrogen gas in organic media gave AgNPs with a size as small as 14 nm [22] . The AgNPs with a spherical shape and a diameter of about 30 nm were also produced by the reducing agent sodium borohydride and capping agent polyvinylpyrrolidone [21] . Since the color is yellow with the peak of the LSPR spectrum at 421 nm, it is believed that the AgNPs prepared has a spherical shape and diameter of about 10-20 nm. Figure 1a shows the TEM image of the AgNPs prepared in this work. As predicted from the LSPR spectra, the shape of the nanoparticles is spherical with quasi-uniform size. The estimated average diameter of the AgNPs is about 25 nm. The colloids of AgNPs with a particle size around 30 nm have an LSPR absorbance peak of about 420 nm. The colloid of AgNPs has a very similar LSPR spectrum to the data reported earlier [22] . It is known that the smaller size Ag nanoparticles will have a spherical shape. The TEM images confirm that the form of the AgNPs produced in work in the PVA solution using ascorbic acid is spherical, they also had a yellow color.
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Chemosensors 2019, 7, x; www.mdpi.com/journal/chemosensors with the peak of the LSPR spectrum at 421 nm, it is believed that the AgNPs prepared has a spherical shape and diameter of about 10-20 nm. Figure 1a shows the TEM image of the AgNPs prepared in this work. As predicted from the LSPR spectra, the shape of the nanoparticles is spherical with quasi-uniform size. The estimated average diameter of the AgNPs is about 25 nm. The colloids of AgNPs with a particle size around 30 nm have an LSPR absorbance peak of about 420 nm. The colloid of AgNPs has a very similar LSPR spectrum to the data reported earlier [22] . It is known that the smaller size Ag nanoparticles will have a spherical shape. The TEM images confirm that the form of the AgNPs produced in work in the PVA solution using ascorbic acid is spherical, they also had a yellow color. Figure 1b displays the powder XRD pattern of AgNPs. The diffraction peaks are observed at 2θ of 38.36°, 44.45°, 64.75°, 77.60°, 81.75° that corresponds to hkl of (1, 1, 1), (2, 0, 0), (2, 2, 0), (3, 1, 1), (2, 2, 2) of face centered cubic (fcc) crystal system. An XRD analytical software known as Unit Cell was applied to obtain the unit cell of the AgNPs. This software was developed based on the reported paper [23] . The calculated unit cell of the AgNPs crystal was 4.08 Å. The AgNPs with an fcc crystal system commonly has the unit cell of about 4.086 Å as reported elsewhere.
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The XRD data were also used to estimate the average particle size of the particles. The average particle size calculated using the Debye-Scherrer equation (Equation (1)) was found to be 10 nm. Noting that in Equation (1), β is the measured width at half intensity of the diffraction peak (in radian), D is the average particle size diameter (in nanometers), K is dimensionless constant (0.9), λ is the wavelength of the x-ray (in nanometers), Ɵ is the Bragg diffraction angle (in degrees) [24] . The calculated value is usually lower than the actual value obtained by the electron microscopic imaging systems of either SEM or TEM.
The collected LSPR spectra of 5.2 mg/L colloidal AgNPs upon addition of different ions and dithizone are shown in Figure 2a . The LSPR peak absorbance at 421 nm of the AgNPs was greatly diminished after the addition of Pb 2+ . The LSPR peak absorbance decreased from 0.308 to 0.033. The molar concentration of dithizone is kept constant at a molar ratio of 1:2. No other peak absorbance was detected upon addition of the Pb(II)-dithizone complex. The drop in LSPR absorbance of AgNPs was also observed in the Fe 3+ in the presence of the capping agent N-acetyl-L-cysteine [13] . A large .75 • that corresponds to hkl of (1, 1, 1), (2, 0, 0), (2, 2, 0), (3, 1, 1), (2, 2, 2) of face centered cubic (fcc) crystal system. An XRD analytical software known as Unit Cell was applied to obtain the unit cell of the AgNPs. This software was developed based on the reported paper [23] . The calculated unit cell of the AgNPs crystal was 4.08 Å. The AgNPs with an fcc crystal system commonly has the unit cell of about 4.086 Å as reported elsewhere.
The XRD data were also used to estimate the average particle size of the particles. The average particle size calculated using the Debye-Scherrer equation (Equation (1)) was found to be 10 nm. Noting that in Equation (1), β is the measured width at half intensity of the diffraction peak (in radian), D is the average particle size diameter (in nanometers), K is dimensionless constant (0.9), λ is the wavelength of the x-ray (in nanometers), θ is the Bragg diffraction angle (in degrees) [24] . The calculated value is usually lower than the actual value obtained by the electron microscopic imaging systems of either SEM or TEM.
The collected LSPR spectra of 5.2 mg/L colloidal AgNPs upon addition of different ions and dithizone are shown in Figure 2a . The LSPR peak absorbance at 421 nm of the AgNPs was greatly diminished after the addition of Pb 2+ . The LSPR peak absorbance decreased from 0.308 to 0.033. The molar concentration of dithizone is kept constant at a molar ratio of 1:2. No other peak absorbance was detected upon addition of the Pb(II)-dithizone complex. The drop in LSPR absorbance of AgNPs was also observed in the Fe 3+ in the presence of the capping agent N-acetyl-L-cysteine [13] . A large change in absorbance was also observed when Hg 2+ ions were added to the colloidal AgNPs prepared with a solution of trisodium citrate, in which the citrate acted as complexing agent [25] .
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The combined LSPR spectra of colloidal AgNPs after addition of dithizone and Pb 2+ ions with various concentrations (0.50-10 µg/L) are presented in Figure 3a . It shows that the peak absorbance at 421 nm continues to decrease along with the increase in the cation concentrations. The LSPR peak absorbance shifted to a lower wavelength when a high concentration of ions was added. Other work shows that the linear range for detection of Fe 3+ using the capping agent N-acetyl-L-cysteine is from 0-4 mg/L [13] , which is comparable to the present report. 300 400 500 600 700 The addition of different cations with a concentration of 250 µg/L causes a slight change in the LSPR spectra of the colloidal AgNPs. There was no further change when the much higher concentration of the ions was added. Also, LSPR peak absorbance does not shift to a higher or lower wavelength. The collated decreases in LSPR peak absorbance (∆A) at 421 nm of the colloidal AgNPs are presented in Figure 2b .
The combined LSPR spectra of colloidal AgNPs after addition of dithizone and Pb 2+ ions with various concentrations (0.50-10 µg/L) are presented in Figure 3a . It shows that the peak absorbance at 421 nm continues to decrease along with the increase in the cation concentrations. The LSPR peak absorbance shifted to a lower wavelength when a high concentration of ions was added. Other work shows that the linear range for detection of Fe 3+ using the capping agent N-acetyl-L-cysteine is from 0-4 mg/L [13] , which is comparable to the present report. The addition of different cations with a concentration of 250 µg/L causes a slight change in the LSPR spectra of the colloidal AgNPs. There was no further change when the much higher concentration of the ions was added. Also, LSPR peak absorbance does not shift to a higher or lower wavelength. The collated decreases in LSPR peak absorbance (ΔA) at 421 nm of the colloidal AgNPs are presented in Figure 2b .
The combined LSPR spectra of colloidal AgNPs after addition of dithizone and Pb 2+ ions with various concentrations (0.50-10 µg/L) are presented in Figure 3a . It shows that the peak absorbance at 421 nm continues to decrease along with the increase in the cation concentrations. The LSPR peak absorbance shifted to a lower wavelength when a high concentration of ions was added. Other work shows that the linear range for detection of Fe 3+ using the capping agent N-acetyl-L-cysteine is from 0-4 mg/L [13] , which is comparable to the present report. At a high concentration Pb 2+ ions of >75 µg/L, the new spectra are observed with a peak at 470 nm as shown in Figure 3b . It is an interesting phenomenon since it can only be seen when a high concentration of Pb(II)-dithizone of >75 µg/L is present. The detected peak at 470 nm could be attributed to the trace of remaining Pb(II)-dithizone. The appearance of the peak at 470 nm indicates that at high concentrations of Pb 2+ ions, the Pb(II)-dithizone complex is favorable [26] . Some suggest that the peak at the high wavelength is due to the aggregation of AgNPs. In this case, it could be due to the Pb(II)-dithizone, since the peaks increase along with an increase in Pb(II)-dithizone concentration. The colloid of AuNPs can be stabilized by dithizone, which has the absorbance peak at 470 nm [27] .
The calibration curve for colorimetric analysis of Pb 2+ in the presence of AgNPs and dithizone is presented in Figure 4a . The plot of Pb 2+ concentration versus absorbance is linear in the concentration range from 0.50-10 µg/L. We also found that at a Pb 2+ concentration >15 µg/L, the calibration curve was not linear anymore. Using the slope of the calibration curve (a) and standard deviation of blank (σ) [28] , the estimated limit of detection and limit of quantification for the Pb 2+ colorimetric analysis as obtained from the calibration curve are found to be 0.64 ± 0.04 µg/L and 2.1 ± 0.15 µg/L (n = 5), respectively. Its linear range and sensitivity are 0.50-10 mg/L and 0.030 ± 0.0040 L/µg (n = 5), respectively. Also, it shows a linear calibration curve. The calculated correlation coefficient for the plot (R 2 ) is 0.9899. The linear range of Pb 2+ is even smaller than the reported analysis of lead using L-glutathione [12] . The photograph of the colloids shows the progress of the color change upon addition of Pb 2+ , Figure 4b . At a high concentration Pb 2+ ions of >75 µg/L, the new spectra are observed with a peak at 470 nm as shown in Figure 3b . It is an interesting phenomenon since it can only be seen when a high concentration of Pb(II)-dithizone of >75 µg/L is present. The detected peak at 470 nm could be attributed to the trace of remaining Pb(II)-dithizone. The appearance of the peak at 470 nm indicates that at high concentrations of Pb 2+ ions, the Pb(II)-dithizone complex is favorable [26] . Some suggest that the peak at the high wavelength is due to the aggregation of AgNPs. In this case, it could be due to the Pb(II)-dithizone, since the peaks increase along with an increase in Pb(II)-dithizone concentration. The colloid of AuNPs can be stabilized by dithizone, which has the absorbance peak at 470 nm [27] .
The calibration curve for colorimetric analysis of Pb 2+ in the presence of AgNPs and dithizone is presented in Figure 4a . The plot of Pb 2+ concentration versus absorbance is linear in the concentration range from 0.50-10 µg/L. We also found that at a Pb 2+ concentration >15 µg/L, the calibration curve was not linear anymore. Using the slope of the calibration curve (a) and standard deviation of blank (σ) [28] , the estimated limit of detection and limit of quantification for the Pb 2+ colorimetric analysis as obtained from the calibration curve are found to be 0.64 ± 0.04 µg/L and 2.1 ± 0.15 µg/L (n = 5), respectively. Its linear range and sensitivity are 0.50-10 mg/L and 0.030 ± 0.0040 L/µg (n = 5), respectively. Also, it shows a linear calibration curve. The calculated correlation coefficient for the plot (R 2 ) is 0.9899. The linear range of Pb 2+ is even smaller than the reported analysis of lead using L-glutathione [12] . The photograph of the colloids shows the progress of the color change upon addition of Pb 2+ , Figure 4b . Figure 5 shows the LSPR spectra of 5.2 mg/L colloidal AgNPs in the presence of Pb 2+ , in which the concentration of Pb 2+ was also varied. The absorbance of the colloidal Ag nanoparticle did not change appreciably upon addition of Pb 2+ , even when Pb 2+ was as high as 10 mg/L. Previous reports showed that colloidal AuNPs capped with L-glutathione [27] did not change the absorbance significantly when a solution of transition metal ions other than Pb 2+ ions was added [12] . Figure 5 shows the LSPR spectra of 5.2 mg/L colloidal AgNPs in the presence of Pb 2+ , in which the concentration of Pb 2+ was also varied. The absorbance of the colloidal Ag nanoparticle did not change appreciably upon addition of Pb 2+ , even when Pb 2+ was as high as 10 mg/L. Previous reports showed that colloidal AuNPs capped with L-glutathione [27] did not change the absorbance significantly when a solution of transition metal ions other than Pb 2+ ions was added [12] . 
Discussion
Upon addition of Pb 2+ to the colloidal AgNPs in the presence of dithizone, the LSPR absorbance decreases. The decrease in the absorbance peak can be attributed to the reaction of AgNPs with the thiourea from Pb(II)-dithizone complex ion. Thiol compounds such as L-cysteine, L-dithiothreitol, 11-mercaptoundecanoic acid, glutathione (GSH), oxidized glutathione (GSSG), and N-acetyl-Lcysteine have a strong effect on the localized surface plasmon resonance of AgNPs, and all decrease the LSPR absorbance of the AgNPs [29] . The observed shift in the wavelength of the LSPR peak absorbance of AgNPs indicates that the sulfur atom of the dithizone interacts with metallic Ag to form an Ag-S covalent bond. It is known that thiol and disulfide groups react with metallic Ag to produce a strong covalent bond of Ag-S [30] . Moreover, it causes the surface electrons in the conduction band of the metallic Ag to diminish. Also, the shift in the AgNPs peak absorbance upon addition of Pb(II)-dithizone could be due to the aggregation of the AgNPs. It is well-accepted that nanoparticle aggregation will lead to the shift in the LSPR peak absorbance to the high wavelength (red shift). Dithizone can form a colorful complex ion with Pb 2+ only, which improves selectivity over other cations. Figure 6a shows the structure of the Pb(II)-dithizone complex ion. A schematic representation of the interaction of AgNPs and Pb(II)-dithizone is shown in Figure 6b . A similar mechanism of interaction between silver nanoparticles and dodecanethiol for the sensing of Hg 2+ has also been reported [22] . Further, as reported earlier, the Fe 3+ -pyridyl-appended calix [4] arene complex may induce aggregation of AgNPs, which causes significant changes in color and absorption properties, making it a rapid qualitative analytical method for Fe 3+ [15] . 
Upon addition of Pb 2+ to the colloidal AgNPs in the presence of dithizone, the LSPR absorbance decreases. The decrease in the absorbance peak can be attributed to the reaction of AgNPs with the thiourea from Pb(II)-dithizone complex ion. Thiol compounds such as L-cysteine, L-dithiothreitol, 11-mercaptoundecanoic acid, glutathione (GSH), oxidized glutathione (GSSG), and N-acetyl-L-cysteine have a strong effect on the localized surface plasmon resonance of AgNPs, and all decrease the LSPR absorbance of the AgNPs [29] . The observed shift in the wavelength of the LSPR peak absorbance of AgNPs indicates that the sulfur atom of the dithizone interacts with metallic Ag to form an Ag-S covalent bond. It is known that thiol and disulfide groups react with metallic Ag to produce a strong covalent bond of Ag-S [30] . Moreover, it causes the surface electrons in the conduction band of the metallic Ag to diminish. Also, the shift in the AgNPs peak absorbance upon addition of Pb(II)-dithizone could be due to the aggregation of the AgNPs. It is well-accepted that nanoparticle aggregation will lead to the shift in the LSPR peak absorbance to the high wavelength (red shift). Dithizone can form a colorful complex ion with Pb 2+ only, which improves selectivity over other cations. Figure 6a shows the structure of the Pb(II)-dithizone complex ion. A schematic representation of the interaction of AgNPs and Pb(II)-dithizone is shown in Figure 6b . A similar mechanism of interaction between silver nanoparticles and dodecanethiol for the sensing of Hg 2+ has also been reported [22] . Further, as reported earlier, the Fe 3+ -pyridyl-appended calix [4] arene complex may induce aggregation of AgNPs, which causes significant changes in color and absorption properties, making it a rapid qualitative analytical method for Fe 3+ [15] .
The TEM image of colloidal Ag nanoparticles after the addition of the complex of Pb 2+ and dithizone is presented in Figure 7 . It confirms the aggregation of colloidal Ag nanoparticles upon addition of Pb(II)-dithizone, which led to diminishing their LSPR absorbance. Freshly prepared Ag nanoparticles are well spread with a diameter of around 30 nm, as shown in Figure 1a . The aggregation is thought to be due to the formation of a covalent bond between atomic Ag and the sulfur atom of dithizone. It will eventually reduce the absorbance of the colloid of Ag nanoparticles. The diameter of the nanoparticles even can reach >100 nm. Note that dithizone can form a complex ion with Pb 2+ selectively at a pH above 5, while Hg 2+ forms a complex ion at pH 2.5 [19] . In this experiment, the system pH was around 6. Takahashi et al. used a system pH of 2.7 to selectively form Hg(II)-dithizone complex [31] . The TEM image of colloidal Ag nanoparticles after the addition of the complex of Pb 2+ and dithizone is presented in Figure 7 . It confirms the aggregation of colloidal Ag nanoparticles upon addition of Pb(II)-dithizone, which led to diminishing their LSPR absorbance. Freshly prepared Ag nanoparticles are well spread with a diameter of around 30 nm, as shown in Figure 1a . The aggregation is thought to be due to the formation of a covalent bond between atomic Ag and the sulfur atom of dithizone. It will eventually reduce the absorbance of the colloid of Ag nanoparticles. The diameter of the nanoparticles even can reach >100 nm. Note that dithizone can form a complex ion with Pb 2+ selectively at a pH above 5, while Hg 2+ forms a complex ion at pH 2.5 [19] . In this experiment, the system pH was around 6. Takahashi et al. used a system pH of 2.7 to selectively form Hg(II)-dithizone complex [31] . We compare the analytical characteristics of this AgNPs-based colorimetric method of Pb 2+ ion with that of established methods, which are Atomic Absorption Spectrometry (AAS) (by graphite furnace technique), Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), immunosensor [34] , and recent colorimetric methods using either gold or silver nanoparticles. Table sulfur atom of dithizone. It will eventually reduce the absorbance of the colloid of Ag nanoparticles. The diameter of the nanoparticles even can reach >100 nm. Note that dithizone can form a complex ion with Pb 2+ selectively at a pH above 5, while Hg 2+ forms a complex ion at pH 2.5 [19] . In this experiment, the system pH was around 6. Takahashi et al. used a system pH of 2.7 to selectively form Hg(II)-dithizone complex [31] . We compare the analytical characteristics of this AgNPs-based colorimetric method of Pb 2+ ion with that of established methods, which are Atomic Absorption Spectrometry (AAS) (by graphite furnace technique), Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), immunosensor [34] , and recent colorimetric methods using either gold or silver nanoparticles. Table We compare the analytical characteristics of this AgNPs-based colorimetric method of Pb 2+ ion with that of established methods, which are Atomic Absorption Spectrometry (AAS) (by graphite furnace technique), Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), immunosensor [34] , and recent colorimetric methods using either gold or silver nanoparticles. Table 1 shows the values of the limit of detection (LOD), the limit of quantification (LOQ), linear range, and sensitivity of Pb from the above mentioned methods with respective references. As is shown, the AAS and ICP-OES have a LOD and LOQ in the level of mg/L. The strip immunosensing and colorimetric methods have in general a very low LOD, LOQ, and linear range which are in the µg/L level. The analytical figures of merit for Pb 2+ of this colorimetric method is very close to the other reported results. So far, the best method for Pb 2+ detection has been by colorimtery, with a LOD of about 0.10 µg/L. The linear range of this method is also close to that of published literature. It means that this method could be applicable for routine analysis of Pb 2+ in groundwater, which usually contains Pb 2+ at µg/L level.
The practical use of this method could be in the monitoring of Pb 2+ content in groundwater, which is not a complicated matrix. Groundwater that is utilized as a source of tap water must be continuously checked for heavy metals, especially Pb 2+ . It is worth noting that in some developing countries, there are many acid battery recycling industries in operation. Also, the prolonged use of leaded gasoline in some developing countries, before it was phased out, could potentially enhance the Pb 2+ content in the groundwater. In the long run, it is possible that acid battery reprocessing industries, as well as the use of leaded gasoline, could release Pb 2+ ions into the groundwater. The use of AgNPs in groundwater Pb 2+ screening offers a fast, cheap, and sensitive alternative solution to established methods such as atomic absorption spectrometry (AAS) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).
Conclusions
Sensitive and selective colorimetric sensing of aqueous Pb 2+ ions based on the decrease in the localized surface plasmon resonance (LSPR) of AgNPs. The AgNPs was added to the solution containing Pb 2+ that had formed a complex ion with dithizone. The linear decrease in the AgNPs LSPR peak absorbance at 421 nm is proportional to the Pb 2+ concentration. The calibration graph for Pb 2+ for this method is linear in the concentration range of 0.50-10 µg/L. Also, the pH of the system helps improve the selectivity of colorimetric sensing of aqueous Pb 2+ ions over other ions, especially Hg 2+ . The calculated limit of detection (LOD) and limit of quantification (LOQ) are found to be 0.64 ± 0.04 µg/mL and 2.1 ± 0.15 µg/mL (n = 5), respectively. Its linear range and sensitivity are 0.5-10 µg/mL and 0.0282 ± 0.0040 L/mg (n = 5), respectively. The LOD and LOQ values are comparable to the strip immunosensor method and are better than those of the AAS and ICP-OES methods. The developed method could be of significance for Pb 2+ detection in the environment as well as in clinical samples. The obtained method could be prospective for the detection of Pb 2+ ions in groundwater and even in tap water. Metal nanoparticles and suitable complexing agents could be prospective for devising new metal nanoparticle LSPR-based analytical methods for heavy metal ions in the future. 
